The optimum conditions for Mn 2þ removal from acid mine drainage was studied by a SRB (sulfate reducing bacteria) bioreactor. Chemical experiments with Na 2 S as a S 2À source were conducted to investigate the effects of pH, coexisting metal ions, and the components in a growth medium for SRB on MnS formation from Mn 2þ solutions. The amount of Mn removed from the Mn 2þ solutions decreased with decreasing pH. The Zn 2þ or Fe 2þ coexisting in the solutions consumed S 2À by forming ZnS or FeS, and this inhibited Mn removal. Sodium citrate, a component of the growth medium for SRB, formed a complex with Mn 2þ and suppressed MnS formation. Biological experiments using the SRB reactor were carried out at 37 C and it was confirmed that the Mn 2þ concentration decreased to less than 10 gÁm À3 from 100 gÁm À3 at neutral pHs (pH 5-7) after 100 hours when other metal ions and sodium citrate were absent. The formed precipitate was identified to be metastable -MnS with a band gap of about 3.8 eV by XRD, XRF, and UV-VIS.
Introduction
Abandoned Mn mines in Hokkaido, Japan, leak acid mine drainage (AMD) containing 100 to 200 gÁm À3 of Mn 2þ .
1) The removal of Mn 2þ has been achieved by a conventional method precipitating Mn 2þ at around pH 10 with alkaline reagents. This method requires subsequent neutralization of the supernatant, which consumes a substantial amount of reagents and so is costly. Therefore, much effort has been made to develop alternative methods.
The removal and recovery of heavy metal ions using a sulfate reducing bacteria (SRB) reactor have attracted interest in the treatment of AMD. [2] [3] [4] [5] The SRB are obligate anaerobes, and the bacteria oxidize organic matters using sulfate instead of oxygen. With the SRB, hydrogen sulfide is generated and reacts with heavy metal ions in AMD to precipitate metal sulfides.
Hammack and Dijkman 5) investigated the SRB treatment of AMD mainly containing soluble Cu, Zn, and Fe, and reported that Mn, a minor component in the AMD, was removed together with Fe during the treatment. This result suggests that Mn 2þ in AMD can be removed by SRB, although the detailed mechanism of the Mn removal was not discussed in the paper. However, other researches have reported that Mn 2þ in AMD was not removed in SRB reactors. 2, 6, 7) The apparent inconsistency may be due to differences in experimental conditions such as pH and coexisting compounds, which would affect the efficiency of metal removal by SRB. 8) To establish the conditions for Mn 2þ removal using an SRB bioreactor, the present study investigated the effects of pH, coexisting metal ions, and components of the medium for SRB on Mn 2þ removal.
Experimental
2.1 Chemical experiments for Mn removal using Na 2 S Metal ion solutions containing set concentrations of Mn 2þ , Zn 2þ , and Fe 2þ were prepared with reagent grade MnSO 4 Á5H 2 O, ZnSO 4 Á7H 2 O, FeSO 4 Á7H 2 O, and deionizeddistilled water, and Na 2 S solutions were prepared with Na 2 SÁ9H 2 O in deionized-distilled water. The initial pH of the solutions was adjusted to 4-5 for the metal ion solutions and 10 for the Na 2 S solutions by adding 1 molÁdm À3 NaOH or H 2 SO 4 .
The 100 cm 3 of Na 2 S solution and 100 cm 3 of the metal solution were mixed in 500 cm 3 -Erlenmayer flasks, which were immediately sealed with a silicon rubber cap. In the following, the concentration of the metal ions (or Na 2 S) added to the mixture is termed as the ''initial concentration of metal ions (or Na 2 S)''. The solution in the flasks was stirred with a magnetic bar at room temperature for 1 hour, and the supernatant was collected by filtration using a membrane filter (pore size, 0.2 mm). Metal concentrations in the supernatant were analyzed with a SEIKO SPS 7800 inductively coupled plasma atomic emission spectroscope (ICP-AES).
Heavy metal solutions containing 17 molÁm À3 of sodium citrate dihydrate (Na 3 C 6 H 5 O 7 Á2H 2 O), a component of the medium for SRB as described in detail below, were investigated to determine the effects of complex formation with sodium citrate and metal ions on the removal of metal ions by Na 2 S. 
Biological experiments for

Apparatus and procedure
Biological experiments for the Mn removal were carried out using a cylindrical glass bioreactor (height, 160 mm; internal diameter, 100 mm) as shown in Fig. 1 . The ORP (redox potential) and pH electrodes, N 2 sparger and a gas outlet tube to maintain anaerobic condition, a solution sampling tube, thermo-controller, and magnetic stirring system were installed in the bioreactor. All instruments were autoclaved at 121 C for 20 min before inoculation of SRB. Two mediums were used in the experiments: one was the modified ATCC 1249 medium, and the other was the modified ATCC 1249 medium without sodium citrate. C. The N 2 gas was introduced only during sampling. The solution was sampled through the sampling tube and was filtered using a membrane filter (pore size, 0.2 mm), then the Mn and sulfate concentration were analyzed by ICP-AES and a SHIMADZU ion chromatograph (IC, Japan) using IC shim-pack A3, respectively.
After the operation of the bioreactor was terminated, the precipitate in the reactor was collected by filtration using a membrane filter (pore size, 0.2 mm), and dried overnight at 55 C. The dried precipitate was ground in a mortar, and then characterized using a JEOL JSX-3210A energy diffusive type X-ray fluorescence analyzer (Japan) and a JEOL JDX-3500 X-ray diffractometer (Japan), respectively. The X-ray diffraction (XRD) data were collected with a monochromator under the following conditions: radiation, Cu K, 30 kV, 200 mA; step scanning method; time constant, 0.5 seconds; angle range, 2:5$65 degree/2, and The X-ray fluorescence (XRF) was measured under the following conditions; Rh, 30 kV; current, auto; time, 300 seconds. To examine the energy band gap of the ground precipitate, the optical absorption spectra were measured with a SHIMADZU UV-2500PC UV-VIS recording spectrophotometer (Japan) at room temperature.
Results and Discussion
3.1 The effects of Na 2 S, pH and coexisting metal ions on MnS formation. The AMD contains heavy metal ions and sulfate in high concentrations, and using organic matter such as lactate, SRB reduce sulfate to sulfide, which reacts with heavy metal ions to form metal sulfides. The process can be expressed as follows;
where Me 2þ and MeS represent the heavy metal ions and metal sulfides, respectively.
The effects of H 2 S concentration, pH, and coexisting compounds on the reaction in eq. (2) were investigated by chemical experiments using Na 2 S as the H 2 S source. Figure 2 shows the effect of the concentration of the Na 2 S added on the Mn removal at the final pH 6.3-6.4. The initial concentration of Mn 2þ was 4.4 molÁm À3 . With increasing initial Na 2 S concentrations, the amount of Mn removed from the solution increased.
The effect of pH on MnS formation was investigated in the mixture containing 2.2 molÁm À3 Mn 2þ (120 gÁm À3 ) and 7.8 molÁm À3 Na 2 S. As can be seen in Fig. 3 , 37.5% (80 gÁm À3 ) of Mn remained at the final pH 5.2, whereas nearly all of the Mn 2þ was removed at the final pH 6.2-6.4. Figure 4 shows the effects of coexisting metal ions on the Mn 2þ removal. The Mn removal ratio decreases with increasing concentrations of added Fe 2þ or Zn 2þ . After the experiments, no soluble Zn and Fe was detected in the solutions, indicating that the added Zn 2þ and Fe 2þ were precipitated during the experiments. Fundamental Study on the Removal of Mn 2þ in Acid Mine Drainage using Sulfate Reducing Bacteria
The effects of the Na 2 S concentration, pH, and coexisting metal ions on the Mn removal can be explained thermodynamically as follows. The equilibrium constant of eq. (2) can be expressed as eq. (3).
, and [H 2 S] represent the concentrations of hydrogen ion, metal ion, and hydrogen sulfide, respectively.
The material balance for H 2 S species is given by 
where P H 2 S represents a partial pressure of H 2 S in gas phase, V g volume of gas phase, R gas constant (8.314 
where Ka 1 ð¼ 10 À7:0 Þ and Ka 2 ð¼ 10 À13:9 Þ are equilibrium constants for the reactions in eqs. (7) and (8) .
The total mole amount of metal ions added (M T.Me. ) to solution is given by
where M Me 2þ represents the mole amount of Me 2þ in a system.
The combination of eqs. (3), (6) and (9) gives
The equilibrium constants (K) for Cu, Zn, Fe, and Mn are calculated on the basis of the thermodynamic data for the related species shown in Figure 5 shows the equilibrium amount of various metal ions in the presence of metal sulfide as a function of pH. In the calculation, M T.S. , M T.Me. , temprature, V g and V aq are assumed to be 250 mg (7.8 
The effects of components in the medium for SRB on
MnS formation In the SRB treatment of AMD, nutrients such as the components in the medium for SRB are required to maintain high SRB activities in the reactor. If a nutrient suppresses the MnS formation in eq. (2), the efficiency of Mn removal would be decreased even when SRB were thriving. To determine such nutrient element suppression of Mn removal, the effects of the nutrients on MnS formation were investigated by chemical experiments using Na 2 S as the S 2À source. Figure 6 shows the effects of various components in the modified ATCC 1249 medium on Mn removal. Each component of the same concentration as designated in the modified ATCC 1249 was added to the mixture of Mn 2þ and Na 2 S, and, as shown in Fig. 6 , sodium citrate suppressed Mn removal, whereas the other components did not affect Mn removal. Figure 7 shows the Mn removal ratio in the modified ATCC 1249 medium with or without citrate (17 molÁm À3 ) as a function of Na 2 S concentration. Without citrate, Mn was completely removed with more than 9 molÁm À3 of Na 2 S, whereas, with citrate, Mn was not removed even with 17 molÁm À3 of Na 2 S. To compare Mn 2þ removal with that of other metal ions, the effect of sodium citrate on Zn removal was investigated, and the results are shown in Fig. 8 . Citrate (17 molÁm À3 ) also suppresses Zn removal, but its suppressive effect was much weaker than that in the Mn removal shown in Fig. 7 , and Zn was removed in both case independent of citrate addition.
Citrate acts as a ligand to various metal ions. The complex formation with divalent metal ions (Me 2þ ) and citrate (L) is represented in eq. (11) and the equilibrium constant (K Meðm;nÞ ) for the reaction is given in eq. (12) . Table 2 . The material balance for H 2 S species is given by eq. (4), and material balances of metal and citrate are given by (14) and (15) were combined and arranged as the following eq. (16):
Assuming a [I. (13) and (15), respectively. Figure 9 shows the total soluble metal concentration ([S.Me.]) as a function of total citrate concentration ([T.L.]), where the citrate concentration (17 molÁm À3 ) in ATCC 1249 medium is indicated with a dotted line. The effect of citrate on the total Cu concentration was small and may be ignored; for Zn and Fe, the total metal concentrations increase with citrate concentration, however, with 17 molÁm À3 citrate, the concentrations of Zn and Fe are less than 10 À8 molÁdm À3 . These results indicate that Fe and Zn can be removed even in the presence of 17 molÁm À3 citrate. On the other hand, the Mn concentration in the presence of 17 molÁm À3 citrate is higher than 1:8 Â 10 À4 molÁdm À3 (10 gÁm À3 ), the maximum contaminant level for wastewater including AMD, in Japan, suggesting that Mn 2þ removal is impossible in the presence of 17 molÁm À3 citrate. The effect of components of medium has been scarcely investigated for the formation of metal sulfide, which would Fig . 8 The effect of citrate addition on ZnS formation using Na 2 S as the S 2À sources in 2.2 molÁm À3 Zn 2þ solution at pH 3.3. Citrate concentration added is 17 molÁm À3 . Table 2 The constants in eqs. (11) and (12) and the equilibrium constants between citrate and each heavy metal ion.
12Þ
Mn Fe Zn Cu result from the fact that the formation of FeS, ZnS, and CuS is independent of complex formation related with components of medium. In the case of Mn removal, however, the solubility of MnS is relatively higher, and the effect of complex formation should be considered: Citrate, investigated as a complexing agent here, is not always used in the mediums for SRB. 8, 9) The ions of Mn can form complex with not only citrate but with acetylacetone, 5 0 -adenosine triphosphate, catechol, glycylglycine, glycine, oxalic acid, and picolinic acid. The use of waste materials as nutrients for SRB has been proposed to decrease the cost of treatment. 2, 3, 13, 14) If the waste materials contain the ligands to form Mn complex, Mn 2þ could not be removed from solutions.
Mn removal in the SRB bioreactor
As discussed above, coexisting metal ions such as Zn and Fe 2þ and low pH suppresses the MnS formation in eq. (2) . Citrate, one of the nutrients for SRB growth, also suppresses this reaction. As it can be expected that Mn is removed by SRB in the absence of coexisting metal ions and citrate at higher pH, Mn removal was attempted with the SRB bioreactor. In this experiments, two mediums were used; the modified ATCC 1249 medium and the modified ATCC 1249 medium without citrate. Figure 10 shows the results of the experiments with the two kinds of mediums. There were no notable effects of citrate on the sulfate concentration, pH and ORP as shown in Figs. 10(b), (c), and (d). During the experiments, pH was kept in the range between pH 5 to 7. As can be seen in Fig. 3 , the decrease of pH causes low removal ratios of Mn 2þ . In Fig.  10(c) , pH decreased to 5.3 around 20 hours, and this may cause low removal ratio of Mn 2þ . However, after 70 hours, pH increased to about 7 which is closed to initial pH, and the effect of the variation in pH can be negligible in considering final removal ratio of Mn 2þ . In Figs. 10(b) and (d), sulfate concentration and ORP decreased with time, indicating that sulfate was reduced by SRB, and that H 2 S was generated.
As shown in Fig. 10(a) , citrate affects Mn removal considerably. In the presence of citrate, the Mn concentration remained constant, and no Mn was removed from the solution. Without citrate, the Mn concentration decreases sharply after 48 hours, and most of the Mn was removed in 100 hours.
When the concentration of Mn and sulfate decreased in the medium without citrate, a pink precipitate was observed in the SRB bioreactor. The XRF analysis showed that this precipitate consists of 47.6% Mn and 52.4% S and that the molar ratio of Mn to S is close to 1:1. Figures 11 and 12 show the XRD pattern and the UV-VIS absorption spectrum of the Fundamental Study on the Removal of Mn 2þ in Acid Mine Drainage using Sulfate Reducing Bacteriaprecipitate. The XRD pattern corresponds to metastableMnS. The absorption of the precipitate edge in the UV-VIS absorption spectrum was at about 326 nm, indicating that the band gap of the precipitate was 3.8 eV.
There are three forms of MnS: 15) -MnS (rock salt structure) is a green stable form, and -MnS (sphalerite structure) and -MnS (wurtzite structure) are pink metastable forms. Metastable -MnS occupies a potential position in short wavelength optoelectronic applications because of its large band gap. 16) For the preparation of -MnS, Lu et al. 17) and Zhang et al. 18) have reported that high temperatures are required to generate H 2 S from reagents, e.g. thiourea and thioacetamide, but the present study indicates that the SRB bioreactor can be used both in AMD treatment and in preparation of metastable -MnS at ambient temperatures.
Conclusions
The optimum condition for Mn removal using a SRB bioreactor was investigated. Chemical experiments using Na 2 S as the S 2À source shows that excess H 2 S is required to remove Mn 2þ , and that low pH, coexisting Zn 2þ and Fe 2þ , and citrate (a component of medium for SRB) suppress the MnS formation. Biological experiments using a SRB bioreactor confirmed that Mn 2þ can be removed as MnS at pH 5-7 in the absence of the coexisting metal ions and citrate. 
